Mac/urn potnifera, an aulotetraploid, and Gleditsia triacanthos, a diploid, are ecologically similar dioecious tree species that often co-occur in early successional habitats throughout the mid-western United States. We studied levels of genetic diversity and patterns of genetic structure for four polymorphic enzyme lcd of M. pomifera and 16 polymorphic enzyme loci of C. triacanthos from a single population in eastern Kansas. Levels of expected heterozygosity were high for both species, averaging 0.725 for M. poinifera and 0.366 for G. triacanthos. Although genotypes for nearly all G. niacanthos loci were in Hardy-Weinberg frequencies, three of four M. pomifera loci deviated from equilibrium expectations. Two aspects of genetic structure were explored. First, the extent of clonal growth was estimated by comparing genotypes of stems within 50 G. triacanthos and 32 M. poinifera clumps. The great majority of clumps contained more than one genotype, and in many clumps, all stems were genetically unique. Secondly, as revealed by spatial autocorrelation analyses, genetic substructure was very local for both species, with significant positive autocorrelation occurring only within clumps of individuals or among near neighbours. We argue that this pattern of spatial structure for both species results from extremely local seed dispersal and establishment of individuals from the same multiseeded fruit.
Introduction
Although the majority of studies of genetic structure in plants focus on patterns of variation among wellseparated populations, genetic structure can be, and often is, manifested at scales of only a few metres (e.g. Hamrick & Holden, 1979; Turkington & Harper, 1979; Schoen & Latta, 1989) . Investigations of genetic substructure within populations have generally fallen into two categories: those that investigate the possibility of microgeographic adaptation, and those that investigate patterns of mating and gene movement. These two categories are, of course, not mutually exclusive, because selection and patterns of gene movement can interact in complex ways either to increase or decrease structure (Jam & Bradshaw, 1966; Sokal et at, 1989; Epperson, 1990a, h) . A welldeveloped theory also indicates that localized gene movement alone can cause pronounced spatial sub-351 structure through the action of increased genetic drift and inbreeding (Wright, 1943; Rohlf & Schneli, 1971; Tuner et at, 1982; Epperson, 1990a ). An immediate consequence of this theory is that species with similar reproductive biology and dispersal patterns should, when growing sympatrically, exhibit similar patterns of spatial structure (Loveless & Hamrick, 1984) . We test this expectation by describing spatial genetic structure in a single population of G/editsia rriacanthos and Macturn pontifera from eastern Kansas. The list of ecological traits shared by 2k!. pomifera and G. triacanthos is extensive. Both are dioecious trees that commonly colonize pastures and old fields and are often found together in those habitats throughout the mid-western region of the United States (Smith & Perino, 1981; Schnabel & Laushman, personal observations). Flowers of M. pomifera and G.
triacanthos emerge in May or early June, either after or at the same time as the leaves. Male trees of both species flower yearly, whereas flower and fruit production in females is highly variable from year to year (Schnabel & Laushman, unpublished data) . Both species produce heavy, multiseeded fruits, with the number of seeds per fruit reaching 30 for G.
triacanthos (Gordon, 1966; Mathwig, 1971 ) and several hundred for M. poinifera (Smith & Purino, 1981) . Seed dispersal in both species is highly localized, most of the fruits falling directly beneath the parent tree (Schnabel & Laushman, personal observations) . Secondary dispersers include horses, cattle, and deer (all of which most likely account for the rapid spread of both species into open fields), as well as a variety of small mammals (Bugbee & Riegel, 1945; Dice, 1945; Peattie. 1953; Fowetls, 1965) .
The major ecological difference between the two species is in their pollination mechanisms; M. pomiferci is wind-pollinated, whereas G. rriacanthos is pollinated by a variety of insects, including bees, moths, and butterflies (Schnabel, 1988) . Because of this difference, one might expect gene flow via pollen to be more localized in G. triacanthos than in M. ponvjfera, thereby increasing the probability that spatial genetic structure will develop due to isolation by distance. Schnabel (1988) has shown, however, that 15-50 per cent of the effective pollinations in three G. triacanthos sites are by pollen originating outside the sites. These values are comparable to estimates of pollen migration rates for wind-pollinated species (Friedman & Adams, 1985; Nagasaka & Szmidt, 1985; Harju & Muona, 1989) . More specifically for the site discussed in this paper, nearly 50 per cent of the sampled progeny were sired by individuals not within the site, and no association was found between an individual's location in the site and the proportion of its ovules fertilized by immigrant pollen (Schnabel, 1988) . Therefore, at least over the spatial scale discussed in this paper, we believe that differences in pollination mechanisms between it'!. ponufera and G. triacanthos do not indicate significant differences in patterns and levels of effective pollen movement.
Materials and methods
Description of study site porn ifera clump and 3.00 1.43 stems per G.
triacanthos clump. The ability of individuals of both species to resproul multiple stems after injury of the primary stem sugg.sts that many clumps may be single individuals (Fowells, 1965; Smith & Perino, 1981) . It is common in this population, however, for dispersers to sit directly at the base of trees while extracting seeds from fruits (A. Schnabel & ft. H. Laushman, personal observations). Germination of seeds that escape predation could thus lead to clumps composed of several genetically unique individuals. More importantly, if fruits are frequently dispersed to the base of their maternal parent, individuals within clumps will be closely related, and we would expect to find significant spatial genetic structure over very short distances. If, on the other hand, fruits are regularly carried to the bases of neighbouring trees or even further, we would expect to observe either weak genetic sub structuring over a slightly larger scale or no structure at all.
Electrophoresis
Mature leaf tissue for use in horizontal starch gel shown to undergo tetrasomic inheritance (Laushman et at, 1990), were scored for each M. pomifera stem; Lapi, Pgi2, Tpil, Tpi2. A summary of the gel and electrode buffers used to resolve these enzyme systems is given in Table 1 . Further details of electrophoretic protocols for G. triacanthos are presented elsewhere (Schnabel, 1988; Schnabel & Hamrick, 1990 ).
Data analysis
We investigated the extent of clonal growth for each species by comparing genotypes of stems within the 50 G. triacanthos and 32 Nt poin(fera clumps found in the mapped areas. Clumps of stems with identical multilocus genotypes were considered to represent ramets of a single individual and only one of those genetically identical stems was used in subsequent analyses. The presence of both male and female stems within some clumps helped to corroborate the results of these comparisons.
As the number of loci used in this analysis was four times greater for G. triacanthos than for Nt pomifera, it might be expected that our power to distinguish between genets and ramets is much greater in G.
triacanthos. This would cause us mistakenly to reduce the number of M. pornfera stems used in all subsequent analyses and possibly could bias our results. Such an intuitive argument is misleading, however, because the tetrasomic inheritance pattern exhibited by Table 1 Electrode and gel buffers used to resolve three enzyme systems in Maclava pomifera and 12 in Gleditsia triacant has. Buffer system 1 is from Mitton et al. (1977) ; Buffer systems 2, 3, and 4 are from Soltis eta!. (1983) Electrode buffer Gel buffer Enzymes and within full-sib arrays from controlled crosses (Laushman et at, 1990) . Of the 12 open-pollinated fruits (24 seeds analysed per fruit), only two had single pairs of seeds with identical genotypes. Even within full-sib progeny arrays, the frequency of the most common four-locus genotypes never surpassed 10 per cent. All of these lines of evidence convince us that individuals within clumps of M. pomifera stems are very unlikely to have identical genotypes unless they are ramets of the same clone.
Deviations of genotype frequencies from equilibrium expectations were determined for loci of both species by chi-square analyses. Approximate chisquare tests for the four Al. pomifera loci were conducted by excluding all genotypic classes with expected values less than one and grouping certain genotypes to reduce the frequency of classes with expected numbers less than five (Zar. 1974). For G. triacanthos, ehisquare values were calculated from fixation indices using the formula x2 = PN( k -1), where F is the fixation index, N is the sample size, and k is the number of alleles (Li & Horvitz, 1953) .
We used spatial autocorrelation (SA) analyses to test for spatial genetic structure within the G. triacanthos and M. pornifera populations. The degree of spatial autocorrelation was quantified by calculating a coefficient of SA (Moran's I), using formulas for ranked data (Sokal & Oden, 1978) . Following the method of Dewey & Heywood (1988) , each of the alleles at the four M.
pomifera and 16 G. triacanthos loci was analysed separately. For G. triacanthos alleles, individuals not possessing a certain allele were given a rank of 0, whereas individuals with one or two copies of the allele (heterozygotes or homozygotes) were given ranks of I or 2, respectively. Because M. porn ifera individuals carry four alleles at each locus, the corresponding rankings were 0, 1, 2, 3 and 4. We excluded one allele at each diallelic locus as welt as all alleles that were present in fewer than three individuals in the population, because those alleles provided no additional information concerning spatial structure. At loci with greater than two alleles, certain pairs of alleles appeared not to be independent of one another, and only one of those alleles was used. The expected value for I, given n pairs of individuals, is (n -1)-', and significant deviation from this value can be assessed using standard normal deviates (Sokal & Oden, 1978) .
Spatial information for the calculation of 1 caine from matrices of binary weights (i.e. 0 or 1), which were generated based on the specific hypothesis of structure to be tested. As described above, we expected spatial structure to be strongest over short distances, either within clumps or among nearest neighbours. Therefore, first we investigated SA solely within clumps by assigning weights of I to all possible pairs of individuals separated by I m or less, and 0 to all other pairs. In a second separate analysis, we assigned weightings of 1 to all pairs of individuals joined by a Gabrielconnecting algorithm (Gabriel & Sokal, 1969) , which generally joins each individual with several nearest neighbours (Sokal & Oden, 1978) , and 0 to all other pairs. A general picture of the spatial scale of genetic substructuring was obtained by constructing plots of the change in SA with distance (correlograms) (Sokal & Oden, 1978) . For each species we calculated Moran's I for all pairs of individuals within several distance intervals. The intervals were not identical for the two species, because we attempted to select intervals that gave similar sample sizes both among intervals and between species. For M. pomifera, the intervals were 0-10, 10-16 and 16-22 m, with an average sample size (number of pairs per interval) of 585. The corresponding intervals for G. triacanthos were 0-4, 4-7, 7-10, 10-12 and 12-14 in, with an average sample size of 577. Statistical significance of the correlograms was assessed using the Bonferroni method suggested by Oden(1984) .
Results
Little of the clumped distribution of stems at WCS could be attributed to clonal growth. Of the 32 M. On the whole, both species maintain high levels of genetic variation at the loci examined. Levels of heterozygosity at the four M. pomfera loci were very high (H = 0.725; More than two alleles were observed at 12 of 16 0. iriacanthos loci, and levels of expected heterozygosity were generally high (H 0.366; Table 3 ). For the most part, genotype frequencies did not deviate from Hardy-Weinberg expectations. The exceptions were Acp, which had a significant excess of heterozygotes, and Pgil and Pgrnl, both of which showed heterozygote deficiencies. For both species, the large majority of alleles were positively autocorrelated, and more alleles had significant values of .1 than would be expected by chance alone (Tables 4 and 5) . On the whole, very little structure was evident for M. pomifera. For the within-clump and near-neighbour analyses, only two and three of the 14 alleles at the four loci were significantly positively autocorrelated. Despite the increased statistical power of the near-neighbour analysis, the greatest level of spatial autocorrelation for G. triacanchos was found within clumps, where Moran's 1 was significantly greater than zero for 12 of 33 alleles. Among near neighbours, eight G. triacanthos alleles were significandy autocorrelated. For M. pomifera, none of the alleles showing significant SA within clumps were also significant among near neighbours, whereas six G. triacanthos alleles were significantly autocorrelated in both analyses. There were no significant differences between species in the levels of spatial autocorrelation (chi-square tests) either within clumps or among near neighbours.
The correlograms (not shown) were in general agreement with the results from the within-clump and near-neighbour analyses in that significant autocorrelation was mostly limited to the smallest distance intervals. For M. poniifera, three alleles were significantly autocorrelated in the first interval (0-lOin), none were significant in the second interval (10-16 m), and one was significant in the third interval (16-22 m) . For G. iriacanthos, significant positive autocorrelation was found for 13 alleles within the first interval (0-4 m), but for no more than three alleles within any of the four remaining intervals.
Discussion
The high levels of genetic diversity observed at the ksci used in this study are representative of those found for the same loci throughout the ranges of M. pomifera and G. triacanthos (Schnabel & A. Hamrick, 1990; A. Schnabel & 14. H. Laushman, unpublished data) , and are also consistent with expectations for highly outcrossing, woody species (Hamrick et at, 1979; Hamrick & Godt, 1990) . Moreover, the especially high levels of genetic diversity observed in M. pornifera are consistent with theoretical expectations for autopolyploids, which because they can carry more than two alleles at a single locus, should harbor greater amounts of genetic diversity within populations, as well as a greater diversity of enzymes within individuals (enzyme multiplicity), relative to diploid species (Haldane, 1930; Levin, 1983; Stebbins, 1980) . These expectations now have considerable support from studies of allozyme diversity in polyploid species.
Hamrick et a!. genetic diversity even though they may currently behave as diploids. Recent direct comparisons of autotetraploids and their diploid progenitors have strengthened that relationship by consistently finding greater overall genetic diversity in tetraploid populations (Bayer, 1989; Ness et at., 1989; Wolf et at., 1990) . Furthermore, high frequencies of individuals carrying three or four different alleles at one or more loci in autotetraploid populations have been documented for Tolrniea rnenziesii and Heuch.era grossularhfolia (Wolf et a!., 1990) .
In agreement with those earlier studies, heterozygosity and enzyme multiplicity at the M. ponnfera loci were particularly high. Because we have been unable to locate any diploid M. porn ifera populations, a direct comparison of heterozygosity between ploidy levels is impossible, but observed heterozygosities for all four loci were much greater than would be expected for a diploid population with equivalent allele frequencies and Hardy-Weinberg genotypic frequencies.
Moreover, heterozygosities for Pgi2 and Tpi2 were higher than the theoretical maximum (i.e. all alleles in equal frequency for each locus) for a diploid population in Hardy-Weinberg equilibrium.
More readily testable from our data is the theoretical prediction that, in autotetraploid populations, equilibrium genotype frequencies are attained asymptotically over several generations and not in a single (Li, 1976) . As (i) the time to first reproduction in M. poimfera is about 10 years (Smith & Frino, 1981 (Schnabel & Hamrick, 1990) .
In this study, we found that several alleles of both species were not randomly distributed within the site, hut instead showed significant spatial autocorrelation over short distances. For three reasons, we feel that this genetic structure is being generated by spatially limited seed dispersal and not by spatially varying selection.
First, the degree and scale of substructure for G. triacanthos at WCS is similar to that observed in two other Kansas populations (Schnabel & Hamrick, 1990) . Such consistency across several populations is typically interpreted as evidence that spatial genetic structure is being caused by short-distance gene dispersal (Epperson & Clegg, 1986; Schoen & Latta, 1989) . Secondly, in contrast to other studies that implicate natural selection as the cause of non-random genetic patterns (e.g. Flamrick & Holden 1979; Turkington & Harper, 1979) , the small area over which we sampled had no clear microhabitat heterogeneity. Thirdly, unlike pollen dispersal, seed dispersal for both M. pomfera and G. triacanthos is extremely localized, with many of the fruits being carried to the base of their maternal parent, or to the base of a neighbouring tree, before seeds are extracted. That over half of the individuals of both species are found in single-or mixed-species clumps supports those observations. Furthermore, casual observations indicate that areas directly surrounding the bases of these clumps provide especially good microsities for seed germination; few seedlings of either species were observed in other, more open, areas of the population. The localized seed dispersal patterns we observe for M. pomifera and G. triacanthos thus appear to reflect the actual genetically effective patterns.
In the absence of selection, plant species with similar ecological characteristics should exhibit similar patterns of genetic structure within their populations (Loveless & Hamrick, 1984) . We found this to be true for M. pomifera and G. triacanthos, both of which showed the strongest spatial autocorrelation within clumps and among near neighbours, and almost no positive autocorrelation at greater distances, Although differences between the two species in the proportion of alleles that were autocorrelated were not statistically significant, there was some indication that spatial genetic structure may be developing more slowly for M. potnfera. Li (1976) , in fact, has shown that the rate at which a population loses heterozygosity due to selfing and mating among relatives is much slower for autotetraploids than for diploids, which would inhibit the development of spatial genetic structure as a result of limited gene flow. We plan to investigate this question more thoroughly in the future through the use of computer simulations.
